Introduction {#sec1}
============

Hepatocellular carcinoma (HCC), the major subtype of primary liver cancers, is among the most common malignancies and third leading cause of cancer deaths worldwide.[@bib1], [@bib2] Incidence of HCC is more than half a million cases each year.[@bib3] Progression of chronic liver diseases to HCC may take decades; however, by the time the cancer is detected, prospects for successful treatment are less than desirable. Despite significant advances in therapeutic strategies including surgical resection, loco-regional ablation therapy, and liver transplantation, prognosis remains poor for high rate of tumor recurrence and metastasis following treatment.[@bib4], [@bib5] Unfortunately, the underlying mechanisms of high recurrence rate are largely unclear. Therefore, there is an urgent need to understand the tumorigenic mechanisms of HCC and develop effective diagnostics and treatment options for this disease.

MicroRNAs (miRNAs) are small non-coding RNAs (usually 18--24 nucleotides in length) that regulate gene expression by directly targeting mRNA for degradation or suppressing protein translation by binding to the 3′ untranslated region (3′ UTR) of target mRNAs,[@bib6], [@bib7] providing an intricate way to fine-tune gene expression. MiRNAs participate in a wide variety of biological processes and can act as oncogenes or tumor suppressors depending on cellular contexts in various human cancers.[@bib8] Numerous studies indicate that aberrant expression of miRNAs can be used as potential diagnostic or prognostic tools for malignancies including HCC as tumor-derived miRNAs circulate in a relatively stable form.[@bib9], [@bib10] For example, miR-122 and miR-199a/b-3p are among the highest liver-expressing miRNAs and consistently downregulated in HCC.[@bib11], [@bib12] Moreover, miRNAs including miR-125b and miR-494 have been shown to regulate HCC growth and invasion[@bib13], [@bib14] and may emerge as useful tools to control neoplastic behaviors.

Autophagy is a physiological process in which the cell sequesters part of its own constituents for lysosomal degradation and converts proteins and lipids into alternative life-preserving fuel through tough times such as cellular stress and energy deprivation.[@bib15] Upon initiation of autophagy, multiple signaling pathways converge on the autophagy-related (Atg) proteins, resulting in the formation of a double-membraned structure named the autophagosome. Recruitment of the Atg12-Atg5 complex and microtubule-associated protein 1 light chain 3 (LC3) is essential for this process and is widely used as a marker to monitor autophagy. These autophagosomes then fuse with lysosomes to form autolysosomes that lead to organelle breakdown and recycling of resulting catabolites.

Dysregulated autophagic pathways have been linked to various diseases, including cancer.[@bib16] Despite a general acceptance that autophagy is a protective mechanism toward cell survival, recent studies have revealed an active role of autophagy in cell death.[@bib17], [@bib18] For example, autophagy has been shown to be decreased in HCC.[@bib19], [@bib20] Decreased autophagy levels are well correlated with tumor aggressiveness and poor prognosis of HCC.[@bib19] We have previously demonstrated that the coagulation pathway actively participates in the autophagic process. Tissue factor (TF) and factor VII (FVII) negatively regulate autophagy through signaling of the protease-activated receptor PAR2, responsible for malignant progression and decreased disease-free survival in HCC.[@bib21], [@bib22], [@bib23]

In an effort to search for potential mediators or effectors that link the TF/FVII/PAR2 pathway to the autophagic process, we performed mRNA and miRNA sequencing to comprehensively characterize differentially expressed patterns in HCC cases that had high levels of FVII. We discovered that miR-135a, a resultant of TF/FVII/PAR2 signaling, was frequently upregulated in HCC. We further demonstrated that the level of Atg14, a putative target of miR-135a and a regulatory subunit in the phosphatidylinositol 3-kinase (PI3K) complex, crucial in formation of autophagosome, negatively correlates with miR-135a expression both in vitro and in HCC cases. More importantly, elevated miR-135a inhibited the autophagic pathway and was associated with tumor progression, recurrence, and decreased disease-free survival of HCC. Overall, our data highlight a novel function of miR-135a in regulation of autophagy and suggest potential prognostic value of HCC.

Results {#sec2}
=======

Upregulation of miR-135a Is Observed in HCC Tumors with High FVII Expression {#sec2.1}
----------------------------------------------------------------------------

We have previously established an inverse correlation between the levels of FVII/TF/PAR2 proteins and autophagic factors in HCC. To search for potential effectors that are associated with this process, we performed mRNA and miRNA sequencing to comprehensively compare the expression profiles between cases of HCC with higher FVII levels in the tumor region and the contiguous histologically normal counterpart (n = 3). As shown in [Table 1](#tbl1){ref-type="table"}, the top five upregulated (fold change, 2.8 to 8.1) and top five downregulated (fold change, 0.33 to 0.13) miRNAs were listed. Among the miRNAs with altered expression, we specifically picked miR-135a to study for its strong implications in cancer progression. We first analyzed whether an aberrant increase in miR-135a expression occurred in HCC. The level of miR-135a was compared between HCC tumor and its adjacent normal region (patient demographic information in [Table 2](#tbl2){ref-type="table"}) using qRT-PCR. Interestingly, we found that in more than 85% of the cases (90 out of 103), miR-135a was upregulated in the tumor, strongly suggesting potential involvement in cancer development ([Figure 1](#fig1){ref-type="fig"}A).Figure 1miR-135a Is Upregulated in HCC Tumor with High FVII Expression(A) Expression of miR-135a was compared between HCC tumors (T) and their contiguous normal regions (N). (B) HCC cell line Hep3B was treated with recombinant TF, FVIIa, or a PAR2 peptide agonist for 24 hr. The level of miR-135a was analyzed. (C) Hep3B cells were transfected with siRNAs for TF, FVII, or PAR2. Expression of miR-135a was examined after 24 hr. (D) Hep3B cells were transfected with mTOR siRNA. The level of miR-135a was evaluated after 24 hr. (E) (Left) Correlations between FVII and miR-135a levels in HCC and non-tumor counterparts were assessed. We grouped patients having higher FVII and miR-135a levels in the tumor than the normal region (+/+) with patients having lower FVII and decreased miR-135a (−/−). These cases were compared with those having negatively correlated levels of FVII and miR-135a (+/− and −/+). (Right) Tumor/normal ratio of miR-135a expression was compared using qRT-PCR in HCC tumors that had higher FVII levels than the adjacent normal region (FVII T \> N) and those that had lower FVII than the normal region (FVII T \< N). The data are presented as mean ± SD. Statistically significant compared with controls at \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001.Table 1The Top Five Upregulated and Downregulated miRNAs in HCC Tumor with Higher FVII Levels Than the Adjacent Normal RegionSymbolMature SequencemiRBase IDFold Change (TH/TL[a](#tblfn1){ref-type="table-fn"})Adjusted p Value**Top 5 Upregulated**MIR135A1hsa-miR-135a-5pMI00004528.1440.013MIR30Ahsa-miR-30a-5pMI00000886.1040.005MIR10Bhsa-miR-10b-5pMI00002674.5688.88E-16MIR423hsa-miR-423-5pMI00014453.1750.044MIR486hsa-miR-486-5pMI00024702.8251.04E-13**Top 5 Downregulated**MIRLET7Ihsa-let-7i-5pMI00004340.1320.019MIRLET7Dhsa-let-7d-5pMI00000650.1812.85E-04MIR199Bhsa-miR-199b-3pMI00002820.1951.30E-07MIR199Ahsa-miR-199a-3pMI00002810.1961.30E-07MIR28hsa-miR-28-3pMI00000860.3250.001[^2]Table 2Demographic Information of the 103 HCC Patients in This StudyAge (years) (median; range)59 (31--85)Sex (M:F)82:21AFP (ng/mL) (median; range)13.6 (1.63--500000)Tumor size (cm) (median; range)[a](#tblfn2){ref-type="table-fn"}5 (1.2--18.8)Liver cirrhosis (+) (%)61 (61)Hepatitis (B, C, B + C, NBNC)71, 14, 3, 15TNM stage (I, II, III, IV)28, 41, 16, 18[^3]

To validate that the change in miR-135a expression was indeed an outcome of FVII/TF/PAR2 signaling, recombinant FVIIa, TF, or a PAR2 peptide agonist was administered to an HCC cell line, Hep3B, to determine miR-135a levels using qRT-PCR. As shown in [Figure 1](#fig1){ref-type="fig"}B, miR-135a levels were increased in response to all three types of treatments. Conversely, transfection of Hep3B cells with FVII, TF, or PAR2 small interfering RNA (siRNA) resulted in a decrease in miR-135a levels ([Figure 1](#fig1){ref-type="fig"}C). Our previous work established a role for TF/FVII/PAR2 signaling in inhibition of autophagy and promotion of HCC tumor progression through activation of extracellular signal regulated kinase 1/2 (ERK1/2) and subsequently tuberous sclerosis 2 (TSC2)/mammalian target of rapamycin (mTOR).[@bib21], [@bib22], [@bib23] We further showed that miR-135a expression was also dependent upon mTOR levels, as we observed decreased miR-135a in mTOR knocked-down Hep3B cells ([Figure 1](#fig1){ref-type="fig"}D). To corroborate the above correlations in a clinical setting, we compared FVII protein levels with miR-135a expression in HCC tissues. Our data showed that in a combined 73% of all cases, patients with higher FVII in the tumor than the normal region (T \> N) also had increased miR-135a expression; patients with lower FVII in the tumor (T \< N) had decreased levels of miR-135a ([Figure 1](#fig1){ref-type="fig"}E, left). Quantitatively, patients with increased FVII protein levels in the tumor compared to the normal region (T \> N) had a higher miR-135a tumor/normal ratio than those with decreased FVII (T \< N) ([Figure 1](#fig1){ref-type="fig"}E, right).

Atg14, Component of the Autophagic Pathway, Is a Direct Target of miR-135a {#sec2.2}
--------------------------------------------------------------------------

Given the strong positive correlations between FVII and miR-135a in HCC, we next sought whether there was a potential link with autophagic factors. A miRDB search revealed that Atg14, a key subunit in the PI3K complex that regulates formation of autophagosomes, is a putative target of miR-135a. [Figure 2](#fig2){ref-type="fig"}A depicts the predicted target sequence of miR-135a in the 3′ UTR of the *atg14* gene. In Hep3B cells transfected with FVII siRNA, Atg14 expression was increased ([Figure 2](#fig2){ref-type="fig"}B). To examine whether miR-135a negatively regulated Atg14 levels, HCC cell lines Hep3B and HepG2 were transfected with a miR-135a mimic, and Atg14 mRNA levels were determined using qRT-PCR. Our results showed that overexpression of miR-135a resulted in a decrease in Atg14 expression (up to ∼75% decrease in Hep3B, ∼40% in HepG2) ([Figure 2](#fig2){ref-type="fig"}C). To show whether miR-135a directly targeted the 3′ UTR of *atg14* gene, we established a reporter construct that contained the putative miR-135a target sequence downstream of the firefly luciferase gene. Transfection of the reporter construct together with miR-135a mimic into Hep3B cells resulted in ∼45% decrease in luciferase activity, whereas no significant difference was observed in cells transfected with the construct containing a mutated binding site ([Figure 2](#fig2){ref-type="fig"}D). These results suggest that Atg14 is a direct target of miR-135a activity and implicate that miR-135a may be involved in autophagy.Figure 2Atg14 Is a Direct Target of miR-135a(A) Schematic representation of predicted miR-135a binding sequence at the 3′ UTR of *atg14* gene. (B) Hep3B cells were transfected with FVII siRNA for 24 hr. FVII protein (left) and Atg14 mRNA (right) levels were determined. (C) HCC cell lines Hep3B (left) and HepG2 (right) were transfected with a miR-135a mimic (20 nM, 40 nM), and the mRNA level of Atg14 was evaluated after 24 hr. (D) Hep3B cells were co-transfected with a miR-135a mimic and a reporter construct that contained the wild-type (WT) or mutated (MT) miR-135a binding sequence. Post-transcriptional repression was determined by measuring the relative luciferase activity. (E) Correlations of HCC tumor/normal ratios of Atg14 and miR-135a expression were depicted. (F) Kaplan-Meier probability distributions showing disease-free survival according to miR-135a levels in HCC tumors compared with their paired non-tumor tissues. The data are presented as mean ± SD. Statistically significant compared with controls at \*p \< 0.05; \*\*\*p \< 0.001.

Correlations between miR-135a, Atg14, and Clinicopathological Characteristics in HCC Patients {#sec2.3}
---------------------------------------------------------------------------------------------

With the observation that miR-135a targeted Atg14 for post-transcriptional repression, we next sought whether there was an association between levels of these two factors in clinical cases. We compared the ratios of Atg14 and miR-135a expression in HCC and the adjacent non-tumor tissues and found a significant inverse correlation (R = −0.22, p = 0.024) ([Figure 2](#fig2){ref-type="fig"}E), corroborating with our in vitro findings.

We further performed an association analysis between miR-135a expression and clinicopathological parameters in these HCC cases, categorized into miR-135a T \> N (tumor \> normal) and miR-135a T \< N (tumor \< normal) groups. The results indicated that in addition to Atg14 mRNA expression, hepatitis virus status, hepatitis B surface antigen (HBs-Ag), primary tumor stage, microvascular invasion, and alpha-fetoprotein (AFP) levels (cut-off = 70 ng/mL)[@bib24] were significantly associated with miR-135a expression ([Table 3](#tbl3){ref-type="table"}), suggesting an involvement in HCC development and progression. Importantly, these cases were followed up for tumor recurrence and survival. Tumor recurrence was associated with miR-135a levels ([Table 3](#tbl3){ref-type="table"}). Moreover, patients with higher miR-135a in the tumor (T \> N) had significantly shorter disease-free survival (p = 0.009) than those with lower expression in the tumor (T \< N) ([Figure 2](#fig2){ref-type="fig"}F).Table 3Demographic and Clinicopathological Parameters of HCC Patients with miR-135a Levels Higher or Lower in Tumor Than the Adjacent Normal RegionVariableTotalmiR-135a T \> NmiR-135a T \< Np Valuen (%)n (%)**Atg14 mRNA Expression (T/N)**T \> N136 (46.2)7 (53.8)p \< 0.001T \< N9084 (93.3)6 (6.7)p \< 0.001**Age**≥50 years8574 (87.1)11 (12.9)p = 0.832\<50 years1816 (88.9)2 (11.1)p = 0.832**Sex**Male8272 (87.8)10 (12.2)p = 0.797Female2118 (85.7)3 (14.3)p = 0.797**Cirrhosis**Present6152 (85.2)9 (14.8)p = 0.432Absent4238 (90.5)4 (9.5)p = 0.432**Hepatitis**B7168 (95.8)3 (4.2)p = 0.002C149 (64.3)5 (35.7)p = 0.002B + C32 (66.7)1 (33.3)p = 0.002NBNC1511 (73.3)4 (26.7)p = 0.002**HBs-Ag**Positive7470 (94.6)4 (5.4)p \< 0.001Negative2920 (69)9 (31)p \< 0.001**Pathology Stage**I, II6957 (82.6)12 (17.4)p = 0.038III, IV3433 (97.1)1 (2.9)p = 0.038**T_stage**1, 26856 (82.4)12 (17.6)p = 0.0323, 43534 (97.1)1 (2.9)p = 0.032**N_stage**n010188 (87.1)13 (12.9)p = 0.587n122 (100)0 (0)p = 0.587**M_stage**n09986 (86.9)13 (13.1)p = 0.438n144 (100)0 (0)p = 0.438**Tumor Size**≥5 cm5144 (86.3)7 (13.7)p = 0.738\<5 cm5246 (88.5)6 (11.5)p = 0.738**Tumor Number**19280 (87)12 (13)p = 0.505277 (100)0 (0)p = 0.505332 (66.7)1 (33.3)p = 0.505411 (100)0 (0)p = 0.505**Recurrent**Present6360 (95.2)3 (4.8)p = 0.003Absent4030 (75)10 (25)p = 0.003**Microvascular Invasion**Present6662 (93.9)4 (6.1)p = 0.007Absent3728 (75.7)9 (24.3)p = 0.007**AFP**\<70 ng/mL6553 (81.5)12 (18.5)p = 0.02≥70 ng/mL3837 (97.4)1 (2.6)p = 0.02**mean (95% CI)mean (95% CI)**AST(U/L)10351.1 (40.9--61.2)48.3 (28.6--68)p = 0.845ALT(U/L)10352.2 (42.3--61.9)59.4 (23--95.9)p = 0.612[^4]

Combining Relative miR-135a Expression with AFP Levels Better Predicts Tumor Recurrence Than Assessing Using AFP Alone {#sec2.4}
----------------------------------------------------------------------------------------------------------------------

AFP has been commonly considered the ideal serological marker for detecting tumors and proposed as a clinical predictor of tumor recurrence after surgery and other supplementary treatments for HCC. However, the poor sensitivity of AFP for HCC recurrence limits its clinical use. In the 103 HCC clinical cases, the sensitivity and specificity of AFP tests (cut-off = 70 ng/mL) were 44.4% and 75%, respectively. The weak sensitivity in predicting HCC recurrence resulted from cases in which reviving tumors were observed in more than 50% (35/65 = 53.8%) with preoperative AFP \< 70 ng/mL. However, higher miR-135a levels in tumors compared to the adjacent areas (T \> N) represented much higher sensitivity (95.2%) but lower specificity (25%) in predicting recurrent events. Prognostic assessment by applying miR-135a together with serum AFP levels was therefore evaluated as illustrated in [Figure 3](#fig3){ref-type="fig"}. We found that in cases with AFP levels ≥ 70 ng/mL, recurrent and non-recurrent rates were very similar by assessing preoperative AFP alone or in combination with miR-135a expression (10 versus 9 non-recurrent cases; [Figure 3](#fig3){ref-type="fig"}, left red box). However, in cases with AFP \< 70 ng/mL, the false negative recurrent events by combining AFP and miR-135a was only 3 out of 65 cases (AFP \< 70 and miR-135a T \< N) ([Figure 3](#fig3){ref-type="fig"}, middle red box), compared with those using preoperative AFP levels only (35 out of 65 cases with AFP \< 70). The false positive rates by using AFP only (AFP ≥ 70; non-recurrent, 10/38) and AFP in combination with miR-135a (AFP \< 70, miR-135a T \> N; non-recurrent, 21/65; [Figure 3](#fig3){ref-type="fig"}, right red box) were comparable. The improvement in prognostic evaluation using the combinatorial assessment (sensitivity, 90.3%; specificity, 50%) also implies that miR-135a-mediated biological effects including autophagy suppression are key events responsible for HCC progression and poor survival, and thus the underlying mechanisms need further investigation.Figure 3Combining Relative miR-135a Expression with AFP Levels Better Predicts Tumor Recurrence Than Assessing Using AFP AloneOf the 103 HCC cases, patients were divided according to their preoperative AFP levels (cut-off = 70 ng/mL). Each group was then subcategorized based on the relative miR-135a expression in tumors compared to the adjacent normal areas (T \> N or T \< N). The number at the bottom of each box indicates case counts. R, recurrence; NR, non-recurrence.

miR-135a Inhibits Autophagic Processes In Vitro {#sec2.5}
-----------------------------------------------

So far, we have shown a strong correlation among FVII, miR-135a, and Atg14 levels in both in vitro and clinical cases. We therefore investigated whether miR-135a-induced downregulation of Atg14 affected the autophagic pathway. Hep3B or HepG2 cells were transfected with a miR-135a mimic, and autophagic markers were examined after 24 and 48 hr using immunoblotting. As shown in [Figure 4](#fig4){ref-type="fig"}A, overexpression of miR-135a resulted in an apparent decrease in Atg14 protein. LC3A/B, a protein marker of autophagosomes whose levels were well correlated with the number of autophagic vesicles, was also decreased. Other Atg proteins were examined in parallel. The protein levels of Atg5, Atg7, and Atg12 were generally less affected upon miR-135a treatments ([Figure 4](#fig4){ref-type="fig"}B). As autophagy is a degradation mechanism involving lysosomes, protein expression of lysosomal marker LAMP-1 was assessed using immunoblotting. Transfection of miR-135a lowered the levels of LAMP-1 protein, suggesting a decrease in lysosome number ([Figure 4](#fig4){ref-type="fig"}C). A major lysosomal aspartic hydrolase, cathepsin D, was also examined. Targeted to the lysosomal vesicular structures, the 52-kDa pro-cathepsin D is cleaved at the N terminus to produce a single-chain intermediate enzyme called pre-cathepsin D. Further proteolytic cleavage yields the mature active proteases which comprise non-covalently linked heavy (34 kDa) and light (14 kDa) chains. Using an antibody that detects both the precursors and mature heavy chain of cathepsin D, we showed that the mature 34-kDa form was decreased, whereas the pro- and pre-cathepsin D forms were increased ([Figure 4](#fig4){ref-type="fig"}C). These results suggest that miR-135a has an inhibitory effect on autophagic processes, most likely due to downregulation of Atg14 and decreased lysosomal activity.Figure 4miR-135a Inhibits the Autophagy Pathway In Vitro(A) Hep3B and HepG2 cells were transfected with a miR-135a mimic (final concentrations, 10 nM, 20 nM), and protein levels of Atg14 and LC3A/B were determined after 24 hr using immunoblotting. (B) Protein levels of Atg5, Atg7, and Atg12 were examined in miR-135a-transfected Hep3B cells. (C) Hep3B cells were transfected with a miR-135a mimic (final concentrations, 20 nM, 40 nM) for 24 hr. Protein levels of LAMP-1, cathepsin D, and LC3A/B were determined. Precursor and mature forms of cathepsin D are indicated. Densitometric values are presented as fold changes over the controls (set as 1) and are shown below each lane of the blot.

Discussion {#sec3}
==========

There have been a number of studies that demonstrate abnormalities in miRNA expression in HCC.[@bib25], [@bib26], [@bib27] Nonetheless, miRNAs that modulate autophagy and their involvement in HCC progression have not been much addressed. In the current study, we discovered for the first time that miR-135a, upregulated in HCC with high FVII expression, inhibits autophagy by downregulating Atg14, a key element involved in the formation of autophagosomes. Elevated levels of miR-135a in HCC also represent tumor progression and decreased disease-free survival after curative resection, which implicates prognostic significance in patient management.

PAR2 is a member of a G protein-coupled receptor family that comprises surface proteins activated upon cleavage by specific serine proteases at the N-terminal domain. Activation of PAR2 has been linked to progression of various cancers.[@bib28], [@bib29], [@bib30] Unlike other PAR family members, PAR2 is not activated by thrombin but can be cleaved by proteases including trypsin, chitinase, and activated FVIIa and FXa.[@bib31] Notably, TF aberrantly expressed by tumor cells forms a functional complex with FVIIa and triggers multiple signaling pathways directed by PAR2. For example, TF/FVII/PAR2 initiates intracellular signals that activate protein kinase Cα and mitogen-activated protein kinase (MAPK) p38, resulting in production of pro-angiogenic factors such as CTGF, VEGF, and interleukin-8 (IL-8), immune modulators such as macrophage colony-stimulating factor (M-CSF) and granulocyte-macrophage colony-stimulating factor (GM-CSF).[@bib32], [@bib33], [@bib34] We previously showed that activation of TF/FVII/PAR2 signaling promotes HCC progression by inhibition of autophagy through TSC2/mTOR.[@bib21], [@bib22] In this study, we further demonstrated that miR-135a expression is dependent upon mTOR levels and identified miR-135a as a downstream effector of PAR2 activation, which mediates post-transcriptional repression of its target gene Atg14 for abrogating the autophagic process.

Notably, miR-135a upregulation in HCC tumors occurs in more than 85% of our clinical cases. Our data also suggest a strong positive association between miR-135a and properties that indicate HCC progression, including tumor staging, microvascular invasion, and recurrence. Early detection of HCC recurrence after curative surgery is crucial for favorable prognosis. Clinically, conventional serum tumor markers together with imaging modalities are the most frequently used for recurrence assessment, while tremendous efforts are also being made to search for more reliable molecular targets. These serum markers, such as AFP and des-gamma-carboxy prothrombin (DCP; also known as PIVKA-II), can be problematic due to insufficient sensitivity and specificity issues that eventually limit the effectiveness. Indeed, in our current study of 103 HCC cases, we found using AFP levels (cut-off = 70 ng/mL) alone had low sensitivity in predicting HCC recurrence, while incorporating relative miR-135a expression improved the sensitivity. The limitation of this assessment is that only relative expression of miR-135a between tumor and normal regions is used, which makes it less applicable to pathological tests. However, using extracellular miRNA from body fluids such as serum samples as biomarkers is promising but requires standardized procedures in collection, handling, and extraction methodologies. Quantification and calibration also affect data interpretation. Our present study still unravels an important area of research in which miR-135a may play a central role in HCC progression including autophagy suppression that ultimately leads to poor survival. We are now investigating whether circulating or exosomal miR-135a readily detectable in serum samples can be applied to our recurrence model.

Aberrant increase in miR-135a levels has also been observed in several other cancers, including breast, cervical, and colorectal cancers and melanoma.[@bib35], [@bib36], [@bib37], [@bib38] The miR-135a targeted genes that contribute to malignant progression have been reported. For example, miR-135a is implicated in promotion of Wnt signaling by downregulating adenomatous polyposis coli (APC), tumor suppressor and key component of the Wnt pathway, and can induce nuclear β-catenin transactivation in the absence of the Wnt ligand.[@bib37] Seven in absentia homolog 1 (SIAH1), an E3 ubiquitin ligase that directs β-catenin for proteasomal degradation,[@bib39] has also been shown to be a target of miR-135a action.[@bib36] Another miR-135a target gene and transcription factor, homeobox A10 (HOXA10), is associated with breast and ovarian cancers and endometriosis.[@bib40] In liver cancer, miR-135a has been shown to repress metastasis suppressor 1 (MTSS1), a tumor suppressor that may be connected to portal vein tumor thrombus.[@bib41] In the current study, the tumorigenic activity of miR-135a was mediated by direct repression of Atg14. Taken together, miR-135a post-transcriptionally regulates a network of genes that work collaboratively or independently on promotion of proliferative and invasive properties and may contribute, at least in part, to malignant progression of HCC and several other cancers.

Autophagy was initially considered a critical process that suppressed malignant transformation with a dynamic role of an early suppressor of tumor progression and a later event for pro-tumorigenic process.[@bib20] In this study, we report miR-135a as a new autophagy-regulating miRNA by targeting Atg14. The levels of miR-135a and Atg14 were inversely correlated in our clinical cases. Ectopic expression of miR-135a resulted in inhibition of the autophagic process, as we observed decreased protein levels of autophagosome marker LC3A/B, lysosomal marker LAMP-1, and mature form of cathepsin D. Atg14 is a specific subunit in the PI3K complex, targeting the complex for proper autophagosome formation. PI3K complex activity is essential in the initiation process of autophagy in which phosphatidylinositol (PI) is phosphorylated by PI3K, allowing recruitment of downstream molecules required in autophagosome formation.[@bib42] Atg14 acts as a connector and directs the PI3K complex efficiently to the phagophore assembly site.[@bib43] In addition, Atg14 also controls the activity of the core component in the PI3K complex, beclin-1/Atg6, by maintaining its phosphorylation state.[@bib44], [@bib45] Atg14 is transcriptionally regulated by forkhead box O1 (FOXO1) in the liver and is involved in lipid metabolism.[@bib46] Interestingly, FOXO1 is also a direct target of miR-135a activity, adding another level of regulation.[@bib38] Thus, the suppressive role in autophagy by miR-135a could be crucial for tumor development within a specific microenvironment affected by circulating factors such as FVII in the liver sinusoids and might be an earlier molecular event than those which have been described before. We also found that autophagic suppression by miR-135a was responsible for downregulation of adenosine monophosphate-activated protein kinase alpha2 (AMPKα2) in vitro (data not shown), which might play a pivotal role in inhibition of early transformation and progression events in HCC and therefore needs further investigation.

In conclusion, our current study provides novel evidence that TF/FVII/PAR2 signaling regulates miRNA levels to modulate the autophagic process in HCC. Herein, we describe new findings in which upregulation of miR-135a is highly associated with HCC progression as a result of decreased levels of its direct target, Atg14. Therefore, antagonizing PAR2 signaling and/or miR-135a activity may be a useful strategy to control certain malignant behaviors of HCC. However, although aberrant miR-135a levels have been frequently observed in various types of cancers, the biological outcomes of miR-135a deregulation can largely depend upon cellular context.[@bib47], [@bib48] Careful examination is required for potential future diagnostic and therapeutic purposes.

Materials and Methods {#sec4}
=====================

Clinical Sample Collection {#sec4.1}
--------------------------

The clinical study was approved by the Internal Review Board of Kaohsiung Chang Gung Memorial Hospital (approval numbers 100-3002A3 and 105-1587C). HCC tissues and corresponding adjacent non-tumorous counterparts were collected from patients who underwent curative hepatic resection from August 2010 to July 2015. The inclusion criteria were as follows: (1) diagnosis with primary HCC, (2) hepatic resection as the first treatment protocol, (3) willing to give written informed consent for sample collection before surgical procedures, and (4) an age above 20 years. None of the patients received prior chemotherapy or loco-regional therapies before surgical resection. The demographics and clinicopathological characteristics were recorded and summarized in [Table 2](#tbl2){ref-type="table"}. HCC staging and T-M-N classification were based on *The American Joint Committee on Cancer (AJCC) Cancer Staging Manual, 7*^*th*^ *Edition*. The patients were followed at the outpatient clinic with regular surveillance for recurrence by serum α-fetoprotein level and ultrasound every three months and/or contrast-enhanced tomography if recurrent tumor was suspected.

Cell Culture and Treatment {#sec4.2}
--------------------------

The human HCC cell lines Hep3B and HepG2 were purchased from the Bioresource Collection and Research Center (BCRC, Taiwan). The cells were maintained in low-glucose DMEM supplemented with 10% fetal bovine serum (FBS), 100 μg/mL streptomycin, and 100 U/mL penicillin and incubated at a 37°C, 5% CO~2~ atmosphere. Recombinant TF and FVII were purchased from R&D Systems (Minneapolis, MN, USA). PAR2 peptide agonist SLIGKV-NH~2~ was purchased from Peptides International (Louisville, KY, USA). The optimal concentrations of reagents were tested in pilot studies and used as indicated in respective experiments.

RNA Isolation and miRNA Sequencing Analysis {#sec4.3}
-------------------------------------------

Total RNA was purified from the samples using the RNeasy kit from QIAGEN (Valencia, CA, USA) according to the manufacturer's protocol. After elution in 100 μL nuclease-free water, the total RNA was precipitated by mixing eluate with 3 M final concentration of ammonium acetate, adding 4 volumes of ethanol and chilled overnight at −20°C. The pellet was washed with 80% ethanol, centrifuged at 16,000 × *g* for 30 min three times, and then subjected to 15% denaturing PAGE. The 18- to 30-nt size range of RNA was isolated from the gel and purified. Solexa proprietary adaptors were sequentially ligated to the ends of these small RNAs.

The ligation products were then purified and converted to complementary DNA according to the manufacturer's instructions of TruSeq Small RNA Kit (Illumina, San Diego, USA). Afterward, the purified libraries were sized and quantified, and the quality was controlled by Agilent High Sensitivity DNA Kit on Agilent 2100 Bioanalyzer System (Agilent Technologies, Böblingen, Germany). All small RNA bar-coded pooled libraries were clustered using TruSeq V3 flow cells and sequenced using Illumina Genome Analyzer. Data analysis and base calling were accomplished using the Strand NGS 2.1 software (Strand Life Sciences, Bangalore, Karnataka, India).

qRT-PCR {#sec4.4}
-------

Total RNA was extracted using the RNeasy Mini Kit (QIAGEN) according to the manufacturer's instructions. For mRNA detection, first-strand cDNA was synthesized with 1 μg total RNA using the High Capacity Reverse Transcriptase (Applied Biosystems; Grand Island, NY, USA). qRT-PCR was performed using the SYBR Green PCR Master Mix with specific TaqMan Assay probes (Thermo Fisher Scientific; Waltham, MA, USA) or pre-designed primers on an ABI 7500 fast PCR system (Applied Biosystems). To quantify miRNA levels, TaqMan MicroRNA Reverse Transcription Kit and TaqMan Fast Universal PCR Master Mix were used with specific TaqMan miRNA probes (Applied Biosystems). Amplifications were carried out with an initial denaturation at 95°C for 20 s, followed by 40 cycles of 95°C for 3 s and 60°C for 30 s. Relative mRNA or miRNA expression was calculated against GAPDH, actin, or U6 rRNA using the ΔΔCt method.

Immunoblotting {#sec4.5}
--------------

Whole-cell extracts were prepared by solubilizing cells in cell lysis buffer containing protease and phosphatase inhibitors (Roche Diagnostics; Basel, Switzerland). Protein concentration was determined using BCA Assay (Thermo Fisher Scientific; Waltham, MA, USA). For western detection, equal quantities of protein were resolved on 10% SDS polyacrylamide gels and transferred onto nitrocellulose membranes. Following blocking in 5% non-fat dried milk in Tris-buffered saline (TBS), the membranes were incubated with primary antibodies prepared in TBS with 0.05% Tween 20 (TBST) at 4°C overnight. After suitable washes with TBST, the membranes were incubated with appropriate secondary antibodies (1:5,000 or 10,000) prepared in TBST. Protein bands were visualized using the enhanced chemiluminescence (ECL) western blot detection reagents (Millipore; Billerica, MA, USA) and scanned using the G:BOX iChemi XL imaging system (J&H Technology; Bradenton, FL, USA). The primary antibodies used in this study are listed as follows: TF (sc-59714, Santa Cruz Biotechnology; Santa Cruz, CA, USA); FVII (Ab97614, Abcam; Cambridge, UK); PAR2 (sc-13504, Santa Cruz Biotechnology); LC3A/B (L8918, Sigma-Aldrich); LAMP-1 (sc-5570, Santa Cruz Biotechnology); Atg5 (sc-133158, Santa Cruz Biotechnology); Atg7 (sc-376212, Santa Cruz Biotechnology); Atg12 (sc-271688, Santa Cruz Biotechnology); and Atg14 (5504, Cell Signaling; Danvers, MA, USA). To ensure equal loading, membranes were stripped and reprobed with anti-β-actin (LV158863, Millipore).

Transfection of siRNAs and miRNAs {#sec4.6}
---------------------------------

Transient transfection of siRNAs against TF (sc-44984, Santa Cruz Biotechnology), FVII (sc-40401), PAR-2 (sc-36188), or miR-135a mimic (Thermo Fisher Scientific) was conducted in Hep3B cells in 6-well plates using GenMute siRNA transfection reagent (SignaGen Laboratories; Rockville, MD, USA) according to manufacturer's recommendations, and a final concentration of 10, 20, or 40 nM of siRNA/miRNA was used accordingly. Cells were harvested for protein or total RNA extraction 24 or 48 hr after transfection as indicated in each experiment.

Dual-Luciferase Reporter Assay {#sec4.7}
------------------------------

The putative miR-135a target sequence (predicted by miRDB; <http://mirdb.org>) from the 3′ UTR of Atg14 gene was synthesized (Thermo Fisher Scientific) as individual oligonucleotide pairs so that when these pairs were annealed, overhangs that corresponded to XhoI and XbaI digested sequence would flank the miRNA target region. Annealed oligonucleotides were then ligated into pmirGLO vector (Promega; Madison, WI, USA) digested with the same restriction enzymes. Sequence analysis was performed on plasmids acquired. Plasmids containing the mutated miR-135a target sequence were also constructed in parallel.

Plasmid DNA was purified from bacterial culture using QIAGEN Plasmid Mini Kit (QIAGEN). For the dual-luciferase reporter assay, the construct that contained the miR-135a target site or mutated sequence was transfected along with miR-135a mimic or control miRNA into Hep3B cells using GenMute transfection reagent. Twenty-four hours after transfection, cells were harvested and analyzed for firefly and Renilla luciferase bioluminescence using the Dual-Glo Luciferase Assay System (Promega) on the Victor X4 multibel reader (PerkinElmer; Waltham, MA, USA). The data were presented as the ratio of firefly to Renilla luciferase activity.

Statistical Analysis {#sec4.8}
--------------------

Categorical variables were compared using the chi-square test (or Fisher's exact test where appropriate). Survival rates were determined using the Kaplan-Meier method, and the differences in survival were compared using the log rank test. Pearson's correlation was used for correlation analysis. For in vitro experiments, statistical significance was determined using ANOVA against the control group. All tests were performed using the SPSS 15.0 software (SPSS; Chicago, IL, USA). A p value \< 0.05 was considered statistically significant.
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[^2]: TH, higher expression in tumor compared to adjacent non-tumor tissue area; TL, lower expression in tumor compared to adjacent tissue area.

[^3]: Measured by the length of the largest tumor nodule.

[^4]: T/N, tumor versus non-tumor adjacent tissue expression levels; HBs-Ag, hepatitis B virus surface antigen.
